Abstract. The embryos of some rodents and primates can precede early development without the process of fertilization; however, they cease to develop after implantation because of restricted expressions of imprinting genes. Asexually developed embryos are classified into parthenote/gynogenote and androgenote by their genomic origins. Embryonic stem cells (ESCs) derived from asexual origins have also been reported. To date, ESCs derived from parthenogenetic embryos (PgESCs) have been established in some species, including humans, and the possibility to be alternative sources for autologous cell transplantation in regenerative medicine has been proposed. However, some developmental characteristics, which might be important for therapeutic applications, such as multiple differentiation capacity and transplantability of the ESCs of androgenetic origin (AgESCs) are uncertain. Here, we induced differentiation of mouse AgESCs and observed derivation of neural cells, cardiomyocytes and hepatocytes in vitro. Following differentiated embryoid body (EB) transplantation in various mouse strains including the strain of origin, we found that the EBs could engraft in theoretically MHC-matched strains. Our results indicate that AgESCs possess at least two important characteristics, multiple differentiation properties in vitro and transplantability after differentiation, and suggest that they can also serve as a source of histocompatible tissues for transplantation.
he embryos of some mammalian species can initiate development without fertilization [1] . Asexually developed embryos are classified into androgenetic or parthenogenetic depending on their genomic origin: the former possessing a genome derived from two spermatozoa, and the latter possess a genome derived from the oocyte/polar body or oocyte/oocyte (gynogenesis) [2] . Normal mammalian development requires genomic contributions from both maternal and paternal origins after implantation; parthenogenetic embryos die before day 10 of gestation with limited development of extra-embryonic tissues [3] , while androgenetic embryos often do not survive beyond day 8.5 post-coitum [4] .
Uniparental embryos have been experimentally generated in several mammalian species, including mice [1] [2] [3] [4] , bovines [5] , rabbits [6] , primates [7] and humans [8] . Uniparental embryos are not viable but can develop to derive ESCs. Derivation of pluripotent ESCs capable of differentiation into various tissues in all germ layers have been reported [7] [8] [9] , and it has led to discussion of using these cells as a source for autologous cell transplantation therapy since they may circumvent a potential ethical problem regarding the use of embryos that possess developmental potential to term [7] . Recently, the long-term survival of dopamine producing neurons derived from primate PgESCs in immunosuppressed rats was reported [10] , and evidence for their potential as cell sources is being accumulated. Furthermore, it has been reported in humans that PgESCs are able to differentiate into cell types from all three germ layers and are immunologically matched with the oocyte donors [9] .
AgESCs can also be established from embryos that cannot form viable fetuses, and the idea that AgESCs can also be generated with the full complement of major histocompatibility complex antigens, like PgESCs, could be applied [11] . However, in contrast to PgESCs, the detailed developmental characteristics of AgESCs have not been well examined, including their differentiation potentials.
Determining the extent of the differentiation properties and functionality of AgESCs in adult tissues is difficult using the chimera mouse due to developmental restriction, i.e., a high rate of AgESC contribution lead to chimera mouse mortality [12] . Furthermore, when AgESCs are complemented with tetraploid embryos, ESCs are not able to form a complete fetus, with abortion occurring during the early stages after implantation [9, 13] . Therefore, it is not yet well understood whether AgESCs are able to differentiate into all tissue types.
The function of AgESC-derived transplants in vivo has only recently been partly demonstrated. Eckardt et al. demonstrated that mouse AgESC-derived hematopoietic stem cells in the fetal liver convey long-term and multilineage reconstitution of the entire hematopoietic system in the recipient without any associated pathologies [11] . Furthermore, Dinger et al. observed the widespread contribution of AgESCs in fetal chimeric mice and reported that their neural differentiation potentials or self-renewal properties of neural stem cells did not differ from normal biparental ESCs [14] . Therefore, it seems that the characteristic phenotypes of AgESCs, such as status of genomic imprinting, might not be seriously problematic in adult animals or in the in vitro differentiation process, and the potential of AgESCs as transplants in many kinds of disorders might be worth considering.
In the present study, we established AgESCs from mouse androgenetic embryos and examined their differentiation properties by inducing differentiation in vitro into the cell types of three different embryonic germ layers: neural cells, cardiomyocytes and hepatocytes. Furthermore, we examined the potential for acceptance by transplantation of differentiated cells into some mice strains including a strain of origin.
Materials and Methods
All animal experiments were conducted in accordance with the Guidelines of Kinki University for the Care and Use of Laboratory Animals.
Production of androgenetic embryos and culture
Eight-to ten-week-old female B6D2F1 mice (Japan SLC, Shizuoka, Japan) were superovulated by intraperitoneal injection of 7.5 IU pregnant mare's serum gonadotropin (Serotropin; TEIZO Pharmaceutical) followed 48 h later by 7.5 IU of human chorionic gonadotropin (hCG; TEIZO Pharmaceutical). Oocytes were mechanically denuded from cumulus cells in modified CZB medium (mCZB-H; CZB medium containing 3 mg/ml bovine serum albumin, 20 mM Hepes and 0.1 mg/ml polyvinyl alcohol, with NaHCO3 reduced to 5 mM and pH adjusted to 7.4) containing hyaluronidase (300 U/ml; Sigma-Aldrich, St. Louis, MO, USA). The nuclei of the oocytes at the metaphase stage of the second meiotic division were then removed by aspiration with a micropipette in mCZB-H medium containing 5 μg/ml cytochalasin B (SigmaAldrich) under differential interference microscopy. To induce dispermic fertilization efficiently, we performed a partial zona pellucida incision using a piezo-driven micromanipulator (PMM-150FU; Prime Tech, Ibaraki, Japan) along 10-20% of their circumference and used the oocytes for in vitro fertilization. The sperm were collected from the caudal epididymides of 10-week-old B6D2F1 male mice (Japan SLC). Then the sperm were preincubated in TYH medium (Mitsubishi Kagaku Iatron, Tokyo, Japan) for 1.5 h in an atmosphere of 5% CO2 in air at 37 C and added into an aliquot containing the oocytes. The sperm concentration was adjusted to 1.5 × 10 5 /ml. The oocytes containing 2PN were selected and then cultured in modified Whitten's medium (mWM) [15] until they reached the blastocyst stage.
Establishment of ESCs
Inner cell masses were obtained from blastocysts by immunosurgery. After removal of the zona pellucida by treatment with 0.5% Pronase (Roche Diagnostics, Basel, Switzerland), embryos were cultured in a 50 μl aliquot of 10% FCS-supplemented DMEM (Invitrogen, Carlsbad, CA, USA) containing 5 μl of complementinactivated anti-mouse spleen antiserum for 20 min. The antimouse-spleen antiserum was produced in a guinea pig (Kiwa Laboratory Animals) using three i.v. injections of 4 × 10 8 B6D2F1 mouse spleen cells at 2-week intervals followed by bloodletting to yield the antiserum at 7 days after the final injection. The serum was heated at 56 C for 30 min before use to inactivate the complement. The embryos were then transferred to 5 μl of guinea pig serum for 20 min. The guinea pig serum was used as a source of complement at a final dilution of 1:5. The isolated ICMs were individually seeded onto culture dishes containing a layer of mitomycin C (Invitrogen) treated mouse embryonic fibroblast (MEF) feeder cells in ES medium composed of Knockout-DMEM (Invitrogen), 20% Knockout serum replacement (Invitrogen), 1 mM Lglutamine, 0.1 mM β-mercaptoethanol (both from Sigma-Aldrich), 0.1 mM MEM non-essential amino acid solution (Invitrogen) and 1,000 U of leukemia inhibitory factor (ESGRO; Chemicon International, Temecula, CA, USA). The MEF cells were prepared from C57BL/6J (SLC) fetuses at 13.5 days post-coitum and used as feeder cells within three passages. After the first passage, colonies with an ES cell-like morphology were selected for propagation, characterization and storage.
Immunofluorescence of ESCs for characterization
The ESC cultures were fixed in 4% paraformaldehyde in PBS (4% PFA; pH 7.4). For immunofluorescence of Oct-4 and Nanog, fixed ESCs were permiabilized in 0.5% Triton-X (Sigma-Aldrich) diluted in PBS (0.5% PBT) for 5 min, blocked by incubation in 5% skim milk (Sigma-Aldrich) diluted in PBS for 1 h and then incubated with primary antibody overnight at 4 C. The antibodies were anti-Oct-4 goat IgG polyclonal antibody (N-19; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-Nanog rabbit IgG polyclonal antibody (AB5731; Chemicon International) diluted 1/ 100 in 0.1% PBT. The samples were then incubated for 1 h at room temperature with rhodamine-conjugated donkey anti-goat IgG antibody or FITC-conjugated bovine anti-rabbit IgG antibody (both from Santa Cruz Biotechnology) diluted 1/1,000 in 0.1% PBT. For observation of SSEA-1 cell-surface molecule, fixed cells were washed with 0.5% BSA (Sigma-Aldrich) in PBS and blocked by incubation in 5% skim milk for 1 h. The antibody was anti-SSEA-1 mouse monoclonal IgM antibody (480; Santa Cruz Biotechnology) diluted 1/100 in 0.5% BSA/PBS. The samples were then incubated for 1 h at room temperature with FITC-conjugated goat anti-mouse IgM antibody (Santa Cruz Biotechnology).
These samples were mounted with VECTASHIELD mounting medium (Vector Laboratories, Peterborough, England) to avoid signal reduction. For alkaline phosphatase (ALP) staining, we used an alkaline phosphatase kit (Sigma-Aldrich) according to the instructions provided. Evaluations of pluripotency were performed at passage 6 to 8.
Induction of EB formation in vitro
The ESCs were dispersed by 0.25% trypsin-0.02% EDTA and cultured in a bacterial dish with 10% FCS/DMEM (FCS was purchased from JRH Biosciences, Lenaxa, KS, USA). After 2 days of primary culture, cell aggregates were selectively collected and cultured in fresh medium.
Characterization of ESCs by induction of teratoma formation in vivo
To prevent dispersion of the ESCs from the point of transplantation, approximately 500 EBs at differentiation day 2 were injected into the kidney capsules of anesthetized severe combined immunodeficient (SCID) mice (CLEA Japan, Osaka, Japan) using a glass capillary. At 2 weeks after transplantation, teratomas were recovered and embedded in Tissue-Tek O.C.T. freezing compound (Sakura Finetechnical, Tokyo, Japan). Cryosections of the teratomas were produced using a Cryostat CM3050S (Leica, Heidelberg, Germany) and stained with hematoxylin and eosin (both reagents obtained from Sigma-Aldrich).
Bisulfite genomic sequencing
ESCs at passage 8 were treated with Tris-EDTA containing 0.5% sodium dodecyl sulfate (SDS) and 10 mg/ml proteinase K (Merck, Darmstadt, Germany) at 55 C overnight, subjected to phenol/chloroform/isoamyl alcohol (50:49:1) extraction and ethanol precipitation and then dissolved in 100 μL of Tris-EDTA.
Genomic DNA was denatured in 0.3 M NaOH for 15 min at 37 C. After incubation, sodium metabisulfite (pH 5.0) and hydroquinone were added to final concentrations of 2 M and 0.5 mM, respectively, and the mixture was incubated for 14 h at 55 C in the dark. The modified DNA was purified using the Wizard DNA Clean-Up system (Promega, Madison, WI, USA), and the bisulfitetreated DNA was desulfonated with NaOH (0.3 M, final) for 15 min at 37 C. The solution was then neutralized by adding NH4OAc (pH 7.0) to a final concentration of 3 M, and the DNA was precipitated with ethanol, resuspended in water and amplified by PCR with two sets of primers to cover the Snrpn differentially methylated regions (DMRs) 1 and Igf2r DMR2 [16] . The primer sequences were as follows (listed 5' to 3' in the order of forward primer, reverse primer): GAAGGGTTTTGTGATTAGGGTTAA and AACACCTTCATATACCCCTAAACAC for Igf2r DMR2, and GTTTTGGTTAAATAGGATGTATTTTTATTATTAG and AACAATTATATCCATTATTCCAAATTAACAATA for Snrpn DMR1. PCR reactions were performed using Platinum Taq DNA polymerase (Invitrogen). Sequence analysis of the PCR product was performed after ligating the amplicon into the plasmid vector pGEM-T Easy (Promega) and cloning. For the control experiment, we used a biparental ESC line that was established from a B6D2F1 embryo by immunosurgery as described above.
Induction of neural stem cells (NSCs) and dopamine-producing neurons
Cystic EBs at day 6 post-differentiation were plated onto gelatin-coated dishes and cultured for 6 days. During this time, the EBs developed various kinds of differentiated cells, progenitors and primitive neural cells. The outgrowths were dispersed by trypsin/ EDTA, plated to a bacterial dish and cultured in 10% KSR medium supplemented with 10 ng/ml bFGF (Upstate Biotechnology, Lake Placid, NY, USA) and 20 ng/ml EGF (Sigma-Aldrich) until cell aggregates formed. Then, enlarged spheres were dispersed and replated under the same conditions as outlined above. In order to purify the NSC fractions and prevent contamination of the undifferentiated ESCs, the treatments were performed at least three times.
To induce differentiated neural cells, the NSC spheres were transferred onto gelatin-coated dishes and cultured in DMEM supplemented with 5% FCS, 10 ng/ml bFGF, 20 ng/ml EGF and insulin transferrin selenium-A solution (ITS-A; Invitrogen) for the first 4 days. After adhesion, the medium was changed to a 15% KSR-based medium that contained the same supplements. RT-PCR analysis was performed using primers as shown in Table 1 .
Immunofluorescent assays were performed using anti-Nestin goat IgG antibody (G-20; Santa Cruz Biotechnology), antiMusashi-1 rabbit IgG polyclonal antibody (ab21628; Abcam, Cambridge, UK), anti-Neuronal class III β-tublin mouse monoclonal IgG antibody (TuJ, ab7751; Abcam), anti-Tyrosine hydroxylase rabbit IgG polyclonal antibody (TH, ab112; Abcam) and anti-O4 mouse IgG monoclonal antibody (MAB1326; R&D Systems, Minneapolis, MN, USA). Samples were then observed after reaction with FITC conjugated anti-goat IgG or rhodamine conjugated antirabbit IgG, FITC-conjugated anti-mouse IgG and rhodamine-conjugated anti-mouse IgG secondary antibody (all from Santa Cruz Biotechnology). Western blot analysis (WB) was performed using To determine the imprinted pattern after induction of differentiation, the NSCs derived from Ag-1 at passage 6 were collected, and the genomic DNA was extracted and used for bisulfite sequencing. NSCs induced by the same induction method from a biparental B6D2F1 ESC line at passage 6 were used as a control.
Induction of cardiomyocytes
Simple or complex EBs at 3 days post-differentiation were cultured under non-adherent conditions in IMDM supplemented with 20% FCS, 0.1% DMSO (Wako Pure Chemical Industries, Tokyo, Japan) and 0.1 nM H2O2 (Sigma-Aldrich). It has been reported that the reactive oxygen species (ROS) induced by addition of H2O2 play a significant role in cardiomyogenesis [17, 18] . DMSO is a major cardiomyocyte-inducing factor [19, 20] . After 4 days in a floating culture, the EBs were transferred onto gelatin-coated dishes and cultured in the same medium for 4 days. Evaluation by immunofluorescence and WB were performed using anti-cardiacspecific Troponin T (cTnT) mouse monoclonal IgG antibody (ab8295; Abcam) and FITC or HRP conjugated secondary antibodies.
Induction of hepatocytes
In the present study, we used acidic FGF (aFGF; Sigma-Aldrich), bFGF and EGF to induce albumin-producing hepatocytes. It has been reported that aFGF is an initial inducing factor for liver formation [21] and that it promotes hepatocyte DNA replication [22] . Well-developed cystic EBs were plated onto gelatin-coated dishes and cultured in 20% IMDM supplemented with 10 ng/ml aFGF, bFGF and 20 ng/ml EGF. After 14 days, adherent cultures were collected and stored in liquid nitrogen for RT-PCR, real time PCR and WB or fixed for immunofluorescence.
Immunofluorescent staining and WB were performed using antiAlbumin goat IgG antibody (A90-234A; Bethyl Laboratories, TX, USA) and FITC or HRP conjugated secondary antibodies. All differentiation studies were performed using ESCs at passage 8 to 10.
Periodic acid-Schiff staining to detect glycogen accumulation
Periodic acid-Schiff (PAS) staining is a procedure mainly used for detection of a high proportion of carbohydrate macromolecules (glycogen, glycoprotein, proteoglycans), and it was used to evaluate hepatocyte differentiation in this study. Differentiated cells were fixed with 4% PFA and oxidized by 0.5% periodic acid for 7 min. The samples were washed twice with distilled water, and the specimens that transformed to aldehyde groups were detected after staining with Schiff reagent for 15 min.
RNA extraction and RT-PCR analysis for evaluation of differentiation
Undifferentiated ESCs and differentiated cells were dissociated using 26-G needles and syringes in TRIzol reagent (Invitrogen) and mixed thoroughly with pipetting. The TRIzol lysates were then mixed with chloroform and centrifuged at 15,000 rpm for 15 min. Following centrifugation, total RNA was obtained by isopropanol precipitation according to the manufacturer's instructions. Single strand cDNA was prepared from total RNA using a random primer under standard conditions with a High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). The cDNA from each sample was diluted and used for RT-PCR-based assays for nestin, tyrosine hydroxylase (TH), desmin, gata-4, albumin, α-fetoprotein and gapdh. PCR amplifications were performed at 95 C for 2 min followed by 35 cycles of 94 C for 20 sec, 58 C for 20 sec and 72 C for 20 sec using Platinum Taq PCRx DNA polymerase (Invitrogen) with appropriate primers according to the manufacturer's instructions. All primers for PCR were designed on two different putative exons so as to span one intron or designed to span a putative exon-exon junction (Table 1 ). Amplicons were analyzed by agarose-gel electrophoresis and ethidium bromide staining.
Real-time PCR analysis for evaluation of endodermal differentiation
Quantitative real-time PCR with total cDNA was performed using Perfect Real Time SYBR Green II (Takara Bio, Shiga, Japan). PCR amplifications were performed with a 7700 Real Time PCR System (Applied Biosystems) at 95 C for 10 sec followed by 40 cycles of 95 C for 5 sec and 60 C for 30 sec. To quantify the relative expression of each gene, the Ct (threshold cycle) values were normalized for endogenous reference (delta Ct= Ct target-Ct β actin) and compared with a calibrator using the "deltadelta Ct method (delta-delta Ct= delta Ct sample-delta Ct calibrator)". As a calibrator, we used the average Ct value of undifferentiated ESCs in each cell line. Using the delta-delta Ct value, relative expression was calculated ). Since the delta Ct method is only applicable when the amplification efficiencies of the target and reference are essentially equal, we determined the amplification efficiencies using 5 levels of dilutions, and the delta Ct values were plotted against the dilution level (log). The slope of the fitted line was then determined. A slope of less than 0.1 was therefore indicative of equal efficiencies (data not shown). The target genes in the present experiment were hnf-3β and albumin. All experiments included negative controls consisting of no cDNA for each primer pair. All samples were tested in duplicate, and the average values were used for quantification. Primers were designed to span exons to distinguish cDNA from genomic DNA products (Table 1) . All values are means ± SD of 3 experiments. Statistical significance of differences was evaluated by the Student's t-test.
Western blot analysis
Cultures were collected by scraping, homogenized in SDS buffer (4% SDS, 125 mM tris-glycine, 10% β-mercaptoethanol, 2% bromophenol blue in 30% glycerol) and then centrifuged at 10,000 rpm for 10 min at 4 C to remove any debris. Aliquots were subjected to polyacrylamide gel electrophoresis in the presence of SDS (SDS/PAGE) followed by electrotransfer onto a PVDF memb r a n e ( H y b o n d -P ; A m e r s h a m P h a r m a c i a B i o t e c h , Buckinghamshire, UK). Molecular size was calibrated with Precision Plus Protein TM All Blue Standards (Bio-Rad Laboratories, Hercules, CA, USA). The blotted PVDF membranes were blocked overnight with Block Ace (Dainippon Sumitomo Pharma, Osaka, Japan), the indicated primary antibody was added, and the mem-branes were then left overnight at 4 C. Antibody incubations and washes were performed in 0.1% Tween-20/PBS. Detection was performed by enhanced chemiluminescence with ECL plus Western blotting detection system (Amersham Pharmacia Biotech) and horseradish peroxidase (HRP)-conjugated secondary antibodies (all purchased from Santa Cruz Biotechnology). The luminolabeled membranes were developed using an X-ray film processor. The optical density of the bands was quantified using the Quantity One software (Bio-Rad Laboratories). All values are means ± SD of 3 experiments. Statistical significance of differences was evaluated by the Student's t-test.
Cell transplantation analysis for determination of immunotolerance
When ESCs differentiate, they express cell surface antigen as histocompatible patterns corresponding to their original backg r o u n d . T h e B 6 D 2 F 1 m o u s e p o s s e s s e s t w o m a j o r histocompatibility complex (MHC) antigens, MHC-H2Kb, derived from C57BL/6 (B6), and MHC-H2Kd, derived from DBA/2 (DBA). If the asexual ESCs take over the pattern of their donor B6D2F1, they can only be accepted in B6D2F1 and are rejected from other strains including B6 or DBA. We transplanted of 500 EBs at differentiation for 4 days to the kidney capsules of SCID, B6D2F1, DBA and B6 mice. For control experiments, we established ESCs from C57BL/6J and DBA/2, which were used in transplantation experiments following differentiation.
Results

ESCs establishment and characterization
We successfully produced androgenetic embryos by in vitro fertilization, and 34 ICMs were obtained from 43 blastocysts. The ICMs included in the Ag embryos were very small, 11 (11/43; 26%) male and female cell lines were obtained (Table 2) in this study. All cell lines showed ALP activity and expressed pluripotent markers, i.e., Oct-4, Nanog and SSEA-1 (Fig. 1A) . When cultured under FCS+/LIF-conditions, these cell lines spontaneously formed simple EBs surrounded by endodermal cells at 3 days post-differentiation and developed cystic EBs after an additional 3 days culture (Fig. 1A) .
To examine the pluripotency of the AgESCs, we injected each ESC line into SCID mice. All cell lines generated teratomas within two weeks; histological examination revealed that they consisted of all three germ layers including epidermis, cartilages, muscular tissues and intestine-like structures (Fig. 2) .
Bisulfite genomic sequencing
In the following experiments, we selected two independent cell lines Ag-1 and Ag-2. Both cell lines expressed pluripotent cell markers and contributed all germ layers in teratomas. To determine the origin of these ESCs, we performed bisulfite genomic sequencing to observe the methylation status of multiple CpG sites in the maternally imprinted genes Snrpn and Igf2r. In normal tissue, the inactive maternal allele of the Snrpn and Igf2r gene is methylated, and the paternal allele is unmethylated. It has also been reported that the DMR regions of Snrpn and Igf2r are completely methylated in oocytes and unmethylated in sperm. The control B6D2F1 ESC had both methylated and unmethylated alleles. On the other hand, Snrpn DMR1 and Igf2r DMR2 were largely unmethylated (Fig. 1B) . This indicates that Ag-1 and Ag-2 were derived from androgenetic origins and maintained specific methylation statuses.
Neural cell-lineage differentiation in vitro
By repeating disaggregation of EBs and culture in the KSRbased stem cell medium, neurosphere-like structures including NSCs were observed after 3 passages. In the NSCs, intracytoplasmic expressions of neural stem cell or neural progenitor marker Musashi-1 and nestin were determined (Fig. 3A) . To examine further differentiation properties, we induced more mature neural cells by adhesion of the NSCs to the culture dishes. These spheres of NSCs developed neuron-like cells (TuJ+), oligodendrocytes (O4+) and dopamine-producing cells (TH+) (Fig. 3A) . Furthermore, neuron specific class III β-tublin (TuJ) expressions were determined by immunofluorescence and WB analysis. TH expressions were also detected by WB (Figs. 3B and 3C ).
Cardiac myocyte differentiation in vitro
In both AgESC lines, beating cardiomyocytes were observed after differentiation induction (Fig. 4A) . Cardiac myocyte differentiation marker desmin and gata-4 expressions were detected by RT-PCR (Fig. 4B) . Increases in cTnT expressions were determined in both cell lines by WB analysis (Fig. 4C) .
Hepatocyte differentiation in vitro
In the next series of experiments, we induced albumin-producing hepatocytes. We observed albumin expressing cells at 14 days post-differentiation. These cells were also intensely visualized by PAS staining (Fig. 5A) . In our study, the addition of aFGF and bFGF was effective in inducing hepatocytes; in the highest case, was also detected by RT-PCR in these derivatives (Fig. 5B) . Realtime PCR analysis showed that the expressions of hnf-3β and albumin were remarkably upregulated (Fig. 5C) . Increases of Albumin production in both cell lines after differentiation were also determined by WB (Fig. 5D) .
Observation of imprinted patterns after differentiation
To determine the stability of the imprinted pattern of AgESCs, we observed the DMR regions of Snrpn and Igf2r following bisulfite sequencing using induced NSCs. The DMRs in the Snrpn and Igf2r genes of the AgESC derivatives were predominantly unmethylated, which was consistent with those of the undifferentiated states (Fig. 6) . These results suggest that the methylated states of the BpESCs and AgESCs were stable even after differentiation.
Confirmation of immunotolerance
Finally, we performed an experiment to confirm the immunological tolerance between the host strains and the AgESCs. When these ESCs were differentiated and transplanted into various strains, only SCID and B6D2F1 mice accepted the ESCs, while the other strains almost always rejected the transplanted cells (Fig.  7A) .
Interestingly, AgESCs could also form teratomas in B6 and DBA. This phenomenon was not observed in our other experimental ESCs. Furthermore, AgESCs formed significantly bigger teratomas compared with their control biparental ESC origins when transplanted into B6D2F1 mice (Figs. 7B and 7C) .
Discussion
This study was designed to obtain further information on the developmental diversity of ESCs derived from androgenetic embryos by observing differentiation to various cells in three different embryonic germ layers, and to examine the transplantability by engrafting into various mouse strains.
The AgESCs established in the present study maintained pluripotency after at least 12 passages; pluripotent specific markers Oct-4, Nanog and SSEA-1 were expressed. Analysis of the imprinted genes revealed a parent of origin specific methylation in AgESCs.
Following injection into SCID mice, the AgESCs formed teratomas containing multiple kinds of tissues. Mesodermal cell tissues such as muscle and cartilage especially expanded.
In vitro differentiation analysis elucidated that the AgESCs could differentiate into NSCs, functional neural cells, cardiomyocytes and albumin-producing hepatocytes. NSCs were obtained as neurospheres with good reproducibility under conditions of bFGF+ and EGF+, as reported in normal ESCs derived from biparental embryos [23] [24] [25] . The NSCs expressed Musashi-1 and Nestin when cultured under non-adherent conditions, and their specific characteristics, such as expression profiles and self-renewal properties, were maintained after at least 8 enzymatic passages. After adhesion on gelatin-coated dishes, the spheres expanded the neuraxis and expressed some neuronal markers. Other types of cells were not observed in our study. Differentiated neural cells expressed TuJ, and some of the neural cells coexpressed TH, a crucial enzyme for dopamine expression. Previously, AgESCs were reported to have poor differentiation properties to neural lineages, and it was also observed that the cells derived from andorogenetically developed embryos (Ag cells) were excluded from most regions of the brain, although proliferation of Ag cells was found in the brain [26] . This suggests that Ag cells/AgESCs originally possess differentiation potential to neural stem cells, giving rise to functional neural cells if they are separated from the environment that restrict their development. Recently, Dinger et al. determined the neurogenic ability of mouse AgESCs to undergo neural differentiation both in vivo and in vitro. Our result also determined the neurogenic capacity of AgESCs.
Similar to the phenotypes in teratoma, it has been reported that AgESCs easily commit to myogenic lineage in vitro [27] . We observed that AgESCs efficiently differentiate into cardiomyocytes, as seen in previous studies. Beating was observed on the next day after transfer of EBs to adherent condition in the earliest cases. By our methods, approximately 60-70% of the total cells differentiated into cardiac myocytes.
Unlike neural cells or myocytes, it has been virtually unknown that AgESCs have an endodermal differentiation property in vitro.
Here, we successfully induced putative hepatocytes from AgESCs and determined their function by detecting Albumin production and glycogen accumulation via WB analysis and PAS staining. In fetal development, hepatocyte differentiation is closely related to the expression of imprinted genes. For example, it has been reported that the maternally expressing gene p57Kip2 originally contributes to the terminal differentiation of several tissues as expressed in the term fetal liver [28] . Furthermore, H19 and Igf2r are expressed in the fetal liver, suggesting that they are related to hepatocyte proliferation [29, 30] . In contrast, paternally expressing gene Igf2 enhances EGF induced DNA synthesis in the regenerating hepatocyte or elevates the expression of Albumin and some important transcription factor that includes hepatocyte development such as Hnf-3β in a hepatoma cell line [30, 31] . In embryonic development, it has been suggested that these factors are controlled at appropriate quantities and with appropriate timing and kept in balance for hepatocyte proliferation and maturation. On the other hand, two recent reports have suggested that when the uniparental ESCs are controlled outside the in vivo developmental paradigm, the differentiation potential of these may be much less restricted than that of in vivo [11, 14] . Therefore, the expression defects of imprinted genes might not be crucial restriction factors for hepatocyte differentiation in the present in vitro studies.
In the last course of the experiment, we determined the immuno- logical acceptance of AgESCs. We transplanted the EBs into various mouse strains. The derivatives of biparental ESCs were only accepted from the theoretically MHC-full matched recipient strain, which was derived from crossing B6 female with DBA male mice. The EBs from B6 ESCs or DBA ESCs were accepted from their original strain and were partly engrafted in the B6D2F1 strain. The rejection of B6 and DBA tissues from the B6D2F1 strain could be explained by the phenomenon in which homozygous tissues might be rejected by the lack of one set of MHC antigens in heterozygous recipients [32] . However, in one case, biparental ESCs derived from B6D2F1 embryos formed a teratoma in a DBA recipient. The antigens related to acute rejection of transplanted tissues are expressed with differentiation; it is possible that incomplete expression of MHC antigens by the remaining undifferentiated cells led to this tolerance. Interestingly, the above-mentioned tolerance was more prominent in the AgESCs; they engrafted and formed a teratoma in all transplanted strains. Furthermore, the teratomas formed in the MHC-matched recipients were significantly bigger than those of other origins. Recently, it has been reported that the Igf2 signal maintains self-renewal of human ESCs [33] . The expression of Igf2 might promote expansion of the remaining stem cells or the immature cells that do not express the MHC antigen. Alternatively, there is a report of spontaneous transformation or tumor formation potency in early passaged MEF of Ag derivatives [34] . These malignant characteristics may affect the AgESCs phenotypes as above. On the other hand, a recent study reported the successful transplantation of AgESCs-derived hematopoietic systems without tumorigenesis [12] clearly suggested the possibility to control their unfavorable characters relate to the tumor formation. As one approach for addressing this issue, removal of undifferentiated cells prior to engraftment by a flow cytometric procedure might be effective. Controlling the timing of transplantation and purification of differentiated cells might be the key to overcome the many problems, and if accomplished, we might be able to obtain effective materials for cell transplantation.
In conclusion, we have demonstrated that ESCs originating from androgenetic embryos possess differentiation potency for various cell types of all three embryonic germ layers. Our present findings serve as a basis for regenerative medicine studies that emphasize the utilization of ESCs from asexual embryos, since there are very few reports on the differentiation potency of AgESCs in vitro. However, it needs to be clearly proven that the imprinted gene expression may cause problems in transplanted cell types. Furthermore, it is also necessary to carry out further detailed studies concerning how to control the tumorigenesis of AgESCs when transplanting into model animals. Characterization of the ability and safety of transplanting various cell types is required to determine the broader therapeutic applicability of AgESC derivatives. Primate examination is absolutely necessary, as there are too many discrepancies between rodents and humans, thus preventing any definitive conclusions with regards to clinical status in humans.
